Natural Top-Bottom Mass Hierarchy in Composite Higgs Models by Rosenlyst, Martin & Hill, Christopher T.
CP3-Origins-2020-02 DNRF90
FERMILAB-PUB-20-055-T
Natural Top-Bottom Mass Hierarchy in Composite Higgs Models
Martin Rosenlyst∗
CP3-Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
Christopher T. Hill†
Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, Illinois 60510, USA
(Dated: February 13, 2020)
We consider composite two-Higgs doublet models based on gauge-Yukawa theories with strongly
interacting fermions generating the top-bottom mass hierarchy. The model features a single “uni-
versal” Higgs-Yukawa coupling, g, which is identified with the top quark g ≡ gt ∼ O(1). The
top-bottom mass hierarchy arises by soft breaking of a Z2 symmetry by a condensate of strongly
interacting fermions. A mass splitting between vector-like masses of the confined techni-fermions
controls this top-bottom mass hierarchy. This mechanism can be present in a variety of models based
on vacuum misalignment. For concreteness, we demonstrate it in a composite two-Higgs scheme.
I. INTRODUCTION
The relative hierarchy of the top mass to the other
SM fermion masses has long been of interest [1–10].
The mass of the top quark is of the same order as the
electroweak symmetry breaking (EWSB) scale (vEW =
(
√
2GF )
−1/2 ' 246 GeV), while in some “leading order”
the other fermion masses small. In the SM, the observed
mass spectrum of the fermions is achieved by inputting a
hierarchy of the Higgs–Yukawa (HY) coupling constants,
and while technically natural, no dynamical rationale for
the hierarchy is offered.
In this letter we explore a mechanism for generating the
top-bottom mass hierarchy with a universal HY coupling
constant (g ≡ gt = gb ∼ O(1)). Our background interest
is multi-Higgs models, composites due to something like
a new strong force or gravity, which is flavor blind and
generates a large spectrum with universal HY couplings.
The resulting fermion mass hierarchies and CKM matrix
are then relegated the problem of the multi-Higgs masses
and mixings [9, 10]. We explore a realization of this
in a composite two-Higgs doublet models (2HDM) with
soft breaking of an associated Z2, and based on a new
strong dynamics. Here the Higgs bosons arise as pseudo-
Nambu-Goldstone bosons (pNGB) from a spontaneously
broken global symmetry. The geneology of Higges-as-
pNGB’s includes “Composite Higgs” (CH) [11], “partially
Composite Higgs” (pCH) [12–14], “Little Higgs” [15, 16],
“holographic extra dimensions” [17, 18], “Twin Higgs” [19]
and “elementary Goldstone Higgs models” [20].
We start with two composite Higgs doubletsHt andHb
that are, respectively, even and odd under a discrete Z2
symmetry. The Higgs doublet Ht is identified with the
observed SM doublet, where its neutral, H0t , develops the
electroweak (EW) vacuum expectation value (VEV). A
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small “tadpole” VEV can be induced in H0b by introduc-
ing a Ht-Hb mixing term that softly breaks Z2 symmetry.
By demanding the left- and right-handed top and bot-
tom quarks transform as QL,3 ≡ (tL, bL)T → QL,3,
tR → tR and bR → −bR under the Z2 symmetry, the
H0t only couples to the top quark while H0b only to the
bottom quark. The HY couplings are generated by ef-
fective operators involving the quarks and the composite
Higgs doublets with one universal HY coupling constant,
g ∼ O(1). The mass hierarchy mt/mb ≈ 40 is thus gen-
erated naturally without fine-tuning.
For concreteness, we consider the minimal composite
2HDM fulfilling the above requirements, the SU(6)/Sp(6)
model of [21]. In this model, the top-bottom mass hier-
archy can be controlled by a mass splitting in the ex-
plicit vector-like masses of the confining fermions. This
mass splitting also leads to a heavy isodoublet H0b (∼O(1) TeV), which is possibly observable at LHC or its
upgrades. The model dynamically generates the top-
bottom mass hierarchy and simultaneously alleviates the
hierarchy problem of EWSB.
Finally, we will briefly consider ideas to future stud-
ies such as: (i) making an UV complete theory for the
these models that explains the origin of the Z2 symme-
try breaking term and the effective Higgs-Yukawa terms,
and (ii) extending this kind of models such that they also
include the mass hierarchy of the other SM fermions.
II. COMPOSITE TWO-HIGGS DOUBLET
MODELS WITH Z2 SYMMETRY
We presently focus on CH models with misalign-
ment based on an underlying gauge description of
strongly interacting fermions (techni-fermions). Dif-
ferent chiral symmetry breaking patterns in these
CH models are discussed in Refs. [22, 23], and we
note the following minimal cosets with a Higgs can-
didate and custodial symmetry: SU(4)/Sp(4) [24],
SU(5)/SO(5) [25], SU(6)/Sp(6) [21], SU(6)/SO(6) [26],
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2GTC SU(3)C SU(2)L U(1)Y Z2
Ψ1 ≡ (ψ1, ψ2)T  1  0 +1
ψ3  1 1 −1/2 +1
ψ4  1 1 +1/2 +1
Ψ2 ≡ (ψ5, ψ6)T  1  0 −1
QL,3 ≡ (tL, bL)T 1   +1/6 +1
tR 1  1 +2/3 +1
bR 1  1 −1/3 −1
TABLE I. The techni-fermions and the quarks in the
SU(6)/Sp(6) template model labelled with their representa-
tions of GTC × SU(3)C × SU(2)L × U(1)Y and parity under
the Z2 symmetry.
and SU(4)×SU(4)/SU(4) [27]. Two composite Higgs dou-
blets and a Z2 symmetry are present in the three latter
cases [21, 26, 28], where the coset SU(6)/Sp(6) gener-
ates the minimal number of pNGBs that simultaneously
fulfils our requirements. With an unbroken Z2 symme-
try, this kind of model may also provide (a)symmetric
dark matter candidates [29]. Note that our proposal is
rather general because the above requirements can also
be fulfilled in other realisations that do not have a simple
gauge-fermion underlying description, e.g. the models in
Ref. [30, 31], and they can also be fulfilled in fundamental
realisations.
We remind the reader that the basic idea of natu-
ral composite Higgs models, based on vacuum misalign-
ment [32, 33], is that the SM Higgs doublet will be iden-
tified as composite pNGBs. These appear in the cosets
G/H of global symmetry groups. The model consists
of Nf new Weyl techni-fermions which form a represen-
tation of a new strongly interacting “technicolor” gauge
group GTC. The choice of either real, pseudo-real or a
complex representation, determines the breaking pattern
of a global symmetry G to H. The model is constructed
such that the EW gauge symmetry SU(2)L × U(1)Y is
contained in H for a certain alignment, known as the
EW unbroken alignment limit.
This particular alignment, however, is not stable be-
cause there exists an explicit breaking of G in the form
of gauge interactions, top couplings to the strong sec-
tor, and explicit masses for the techni-fermions, etc. The
EW gauge interactions, the SM fermion couplings to
the strong sector and the explicit masses of the techni-
fermions contribute to the effective Higgs potential.
These terms are responsible for generating a VEV of the
Higgs and corresponds to a misalignment of the vacuum.
We describe this by an angle, sin θ = vEW/(2
√
2f) [11],
where vEW = 246 GeV and f is the decay constant of
the pNGBs depending on the confinement of the under-
lying strong dynamics. From electroweak precision mea-
surements [34, 35] this angle can be fixed typically to
sin θ . 0.2, which also fixes 2
√
2f & 1.2 TeV, however, it
may also be allowed for smaller scales [36, 37].
If we assume that the VEV hierarchy of the Higgs
doublets only arises from vacuum misalignment with
two separate angles, sin θt = vEW/(2
√
2f) and sin θb =
vb/(2
√
2f), then we require a very fine-tuned angle θb 
θt . 0.2. We assume therefore the vacuum is only mis-
aligned along the SM Higgs direction while a smaller tad-
pole VEV of the second doublet is provided by breaking
the Z2 symmetry. The coset structure can be schemati-
cally represented by a Nf ×Nf matrix, G0/H0 Z2–oddpNGBsZ2–odd
pNGBs
Z2–even
pNGBs
 , (1)
where G0/H0 is one of the two minimal cosets
SU(4)/Sp(4) or SU(5)/SO(5), with one composite Higgs
doublet. The Z2 symmetry can be understood in terms of
the underlying techni-fermions ψi, i = 1, . . . Nf , that con-
dense: ψ5,...Nf are Z2–odd while the techni-fermions that
participate to the minimal coset are Z2–even. Among
the Z2–odd pNGBs must be contained the Z2–odd Higgs
doublet Hb.
III. A CONCRETE COMPOSITE 2HDM
In the following, we focus on the concrete SU(6)/Sp(6)
model [21] as a template for this mechanism. We as-
sume four Weyl fermions are arranged in SU(2)L dou-
blets, Ψ1 ≡ (ψ1, ψ2)T and Ψ2 ≡ (ψ5, ψ6)T , and two in
SU(2)L singlets, ψ3,4, with hypercharges ∓1/2. We have
listed in Table I the representations of the gauge groups
and parity of the fermions of this model.
By assuming the Weyl fermions are in fundamen-
tal representation of the new strongly interacting gauge
group GTC = SU(2)TC or Sp(N)TC, which is the pseudo-
real representation, we can then construct an SU(6)
flavour multiplet by arranging the six Weyl fermions into
an SU(6) vector Ψ ≡ (ψ1, ψ2, ψ3, ψ4, ψ5, ψ6)T . This re-
sults in the chiral symmetry breaking SU(6) → Sp(6)
when the fermions confine. The fermions develop a non-
trivial and antisymmetric vacuum condnesate [24]
〈ΨIα,aΨJβ,b〉αβab ∼ ΦIJCH. (2)
α, β are spinor indices, a, b are TC indices, and I, J are
flavour indices. We will suppress the contractions of these
indices for simplicity. The CH vacuum of the model,
giving rise to the EW VEV of H0t by misalignment, can
be written as [24]
ΦCH =
 iσ2cθ 12sθ 0−12sθ −iσ2cθ 0
0 0 iσ2
 , (3)
where from now on we use the definitions sx ≡ sinx,
cx ≡ cosx and tx ≡ tanx.
The chiral symmetry breaking SU(6) → Sp(6) results
in 14 pNGBs, pia with a = 1, ..., 14, and thus 14 SU(6)
3EW Vacuum
(θ = 0)
TC Vacuum
(θ = pi/2)
G0/H0
Ht = (2, 1/2)+
η = (1, 0)+
φ = (h+ iη)/
√
2
pi± , pi0
Z2–odd
pNGBs
Hb = (2, 1/2)−
∆ = (3, 0)−
ϕ0 = (1, 0)−
Ξ1 = −H0b + (∆0 + iϕ0)/
√
2
Ξ2 = (H
0
b )
∗ + (∆0 − iϕ0)/√2
Ξ±1 = ∆
± −H±b
Ξ±2 = ∆
± +H±b
Z2–even
pNGBs
η′ = (1, 0)+ η′
TABLE II. The pNGBs in the template SU(6)/Sp(6) model
in the EW unbroken labelled with their (SU(2)L,U(1)Y)Z2
quantum numbers and in the TC vacuum. Note that Ht =
(pi+, (h+ ipi0)/
√
2)T and pi±, pi0 are the Goldstones eaten by
W and Z.
broken generators,Xa. The Goldstone bosons around the
EW vacuum are parametrized as Σ = exp[ipiaXa/f ]ΦCH
with the decay constant f of them. This model preserves
a Z2 symmetry generated by the SU(6) matrix, which is
P = Diag(1, 1, 1, 1,−1,−1), (4)
where the Z2–odd fields of the model are
H0b , (H
0
b )
∗, H±b , ∆
0, ∆±, ϕ0, bR. (5)
We have listed in Table II the quantum numbers and
parity of the pNGBs divided into the various groupings
in Eq. (1) for the EW unbroken (θ = 0) and the TC
vacuum (θ = pi/2). The neutral components of Ht,b in
unitary gauge are as follows:
H0t ≡
h√
2
, H0b ≡
hb + iχb√
2
. (6)
In terms of the six-Weyl spinors, Ψ, under the global
flavour group SU(6) the underlying fermionic Lagrangian
can be written as
L = Ψ†iγµDµΨ + δL+ δLm , (7)
where the covariant derivatives involve the techni-gluons
and the SU(2)L and U(1)Y gauge generators. The terms
δL are additional interactions including the four-fermion
operators responsible for Yukawa couplings of the top
and bottom and the Z2 symmetry breaking term given
in Eqs. (12) and (15). Finally, we have collected the
Lagrangian terms with vector-like masses m1,2,3 for Ψ in
δLm and will consider
δLm = 1
2
ΨTMΨΨ + h.c., (8)
where MΨ = Diag(im1σ2,−im2σ2, im3σ2).
Below the condensation scale (ΛTC ∼ 4pif), Eq. (7)
yields the effective Lagrangian:
Leff = Lkin − Veff . (9)
The gauge-kinetic terms in Lkin, besides providing the
kinetic terms for the pNGBs, induce the masses of the
EW gauge bosons and their couplings with the pNGBs
(including the SM Higgs),
m2W = 2g
2
W f
2s2θ, m
2
Z = m
2
W /c
2
θW , (10)
ghWW =
√
2g2W fsθcθ = g
SM
hWW cθ, ghZZ = ghWW /c
2
θW ,
where vEW ≡ 2
√
2fsθ = 246 GeV, gW is the weak gauge
coupling, and θW is the Weinberg angle. The vacuum
misalignment angle θ parametrizes the corrections to the
Higgs couplings to the EW gauge bosons and is con-
strained by LHC data [38]. This would require a small θ
(sθ . 0.3), but even smaller according to the electroweak
precision measurements [34, 35] (sθ . 0.2). Misalign-
ment of θ to a small value is controlled by the contribu-
tions from the EW gauge interactions, the SM fermion
couplings to the strong sector and the vector-like masses
of the techni-fermions. These terms contribute all to the
effective potential in Eq. (9),
Veff = Vgauge + Vtop + Vbottom + Vm + . . . (11)
We further require operators that generate the top and
bottom Yukawa couplings and the fermion loop contribu-
tions to the potential in Eq. (11). These operators could
be analogous to the four-fermion interactions in [39],
yt
Λ2t
(QLt
c
R)
†
α(Ψ
TPαt Ψ) +
yb
Λ2b
(QLb
c
R)
†
α(Ψ
TPαb Ψ), (12)
where it is assumed yf ≡ yt = yb and that there is one
scale Λf ≡ Λt = Λb from an underlying mechanism which
we for now leave unspecified. The spurions, Pαt,b, project
out the EW components such that ΨTPαt,bΨ transform as
the two Higgs doublets. When the techni-fermions con-
dense, these terms generate the top contribution to the
effective potential in Eq. (11) and the following opera-
tors:
gf
[
(QLt
c
R)
†
αTr[P
α
t Σ] + (QLb
c
R)
†
αTr[P
α
b Σ]
]
(13)
with g ≡ 4piNA(ΛTC/Λf )2yf [40] where A is an integra-
tion constant arising from the condensation and N is the
number of technicolors. So far, the model only generates
the top quark mass, while the bottom quark is massless,
mt = gfsθ =
gvEW
2
√
2
, mb = 0. (14)
We generate a tadpole VEV for hb by adding an opera-
tor that weakly mixesHt andHb and thus softly breaking
the Z2 symmetry in Eq. (4). We introduce a four-fermion
interaction that generates the Z2 breaking terms,
gZ
Λ2Z
(ΨTS15Ψ)(Ψ
TS5Ψ), (15)
where S5 and S15 are unbroken generators of the unbro-
ken global group Sp(6), which are
S5 =
1
2
0 0 00 −σT2 0
0 0 0
 , S15 = 1
2
√
2
 0 0 σ20 0 0
σ2 0 0
 .
4After the condensation, we obtain the following Z2 break-
ing terms in Eq. (11),
VZ = g˜Zf
4Tr[S15Σ†S5Σ] (16)
= − g˜Zf
3
8sθ/2
s2θhb −
g˜Zf
2
32
√
2
(cθ/2 + 3c3θ/2)hhb + . . .
with g˜Z ≡ (4pi)4N2A2(ΛTC/ΛZ)2gZ [40]. The above op-
erator provides a mixing term between h and hb, and
therefore a tadpole VEV for hb. By minimizing the to-
tal Higgs potential in Eqs. (11) and (16), we obtain the
tadpole VEV of hb, which is determined by
vb =
gg˜Zt
−1
θ/2f
2s2θ
16
√
2piZm23 + 2
√
2f(Cgg2W (3 + t
2
θW
)− 2Cfg2)cθ
,
where mij ≡ mi + mj with i, j = 1, 2, 3. The loop fac-
tors Cg,f and the constant Z occurring in the gauge, SM
fermion loop corrections and effective vector-like mass
terms in the effective potential (Eq. 11), respectively,
are non-perturbative O(1) coefficients. These coefficients
can be suggested by lattice simulations of the underlying
strong dynamics.
Hence, both the top and bottom quarks obtain masses,
mt =
gvEW
2
√
2
, mb =
gvb
2
√
2
cθ/2. (17)
Notice that the tadpole VEV vb can be reduced by in-
creasing the vector-like mass m3 for the second techni-
fermion doublet Ψ2, and the bottom mass can thus be
tuned down to its observed value.
IV. NUMERICAL RESULTS OF THE
CONCRETE COMPOSITE 2HDM
We turn to a numerical analysis of the mass spec-
trum of the concrete composite 2HDM that generates
the top-bottom mass hierarchy. For simplicity, we as-
sume the vector-like masses in the minimal coset are
equal, m1 = m2, and the unknown constant Z = 1 (ex-
pected to be O(1)). The expressions for the EW VEV
(Eq. (10)), the SM Higgs mass, and the top and bottom
mass (Eq. (17)) can be fixed to their observed values [41],
and m12 can be eliminated by the vacuum misalignment
condition for θ from the minimization of the effective
potential in Eq. (11). Here, we have collected these ex-
pressions:
vEW = 2
√
2fsθ ≈ 246 GeV, mh˜ ≈ 125 GeV,
mt =
gvEW
2
√
2
≈ 173 GeV, mb = gvb
2
√
2
cθ/2 ≈ 4.2 GeV,
m12 =
f(2Cfg
2 − Cgg2W (3 + t2θW ))cθ
8piZ
,
where mh˜ is the mass of the physical SM Higgs, h˜, which
is the mass eigenstate of a mass matrix M20 in the basis
(h, hb,∆
0). The SM Higgs h˜ consists mostly of the Z2-
even field h and less of the Z2-odd field hb while the
mh∼
mh∼b
mΔ∼ 0
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FIG. 1. Upper panel: The masses of the Higgs bosons (h˜
and h˜b) and the mostly neutral charged component of the
triplet (∆˜0) are shown for varying coupling of the Z2 break-
ing terms, g˜Z . Lower panel: The vector-like masses of the
techni-fermions, mi with i = 1, 2, 3, for varying g˜Z .
Z2-even field hb also mixes with the neutral field of the
triplet, ∆0. For further simplicity, we also fix the vacuum
misalignment angle to sθ = 0.1 (ΛTC ∼ 4pif = 10.9 TeV)
such that we only have the coupling of the Z2 breaking
terms, g˜Z , as free parameter.
In Figure 1, the mass spectrum of the neutral fields
(upper panel) and the vector-like masses of the techni-
fermions (lower panel) are shown for varying g˜Z for fixed
mh˜ = 125 GeV. The ratio of the non-perturbative co-
efficients for the fermion loops and the gauge loops is
Cf/Cg = 2...4 for the interval g˜Z = 0.1...10 and there-
fore they can be O(1).
For g˜Z = 1, the mass splitting between the vector-like
masses are m1 = m2 = 314 GeV and m3 = 1326 GeV.
This mass splitting generates the observed masses of the
top and bottom quark. In this case, the masses of all
the composite fields are above 1 TeV (except of the SM
Higgs), while the mass of h˜b is 1.7 TeV. In Refs. [9, 10],
it is emphasized that the LHC may already have the ca-
pability of ruling out an hb with g ∼ 1 of mass ∼ 1 TeV
with current integrated luminosities, ∼ 200 fb−1, set by
the constraints of the hb production with same couplings
like in our theory. Our theory is therefore testable and
should provide motivation to go further and deeper into
5the energy frontier with LHC upgrades with a 100 TeV
pp and/or high energy lepton colliders.
Finally, we estimate the couplings yf and gZ for the
four-fermion operators in Eqs. (12) and (15). For A ∼ 1
and N = 2, we find that
yf ∼ 0.1
(
Λf
ΛTC
)2
, gZ ∼ 10−5
(
ΛZ
ΛTC
)2
g˜Z . (18)
Assuming yf ∼ 1, we obtain the scale Λf ∼ 40 TeV for
sθ = 0.1. Then for g˜Z = 1 and ΛZ = Λf ∼ 40 TeV,
we estimate gZ ∼ 10−4. The smallness of this coupling
is technically natural according to ’t Hooft’s naturalness
principle [42] because the Z2 symmetry of the condensate
is recovered when we take the limit gZ → 0. Note, how-
ever, small technically natural couplings such as gZ arise
dynamically from power-law suppressions of large initial
couplings such as g˜Z .
V. CONCLUSIONS AND FUTURE WORK
We have relegated the detailed study of the origin
of the four-fermion operators in Eqs. (12) and (15) to
future work. Probably these operators can be derived
from a Fundamental Partial Compositeness (FPC) the-
ory like in Refs. [43, 44] with global symmetry group
SU(6)F ×Sp(12)S . In constrast to Ref. [44], there will be
two complex color- and TC-charged scalars, a Z2-even St
and -odd Sb that are in the fundamental representation
of a global symmetry Sp(12)S while the techni-fermions
transform under SU(6)F . We can potentially introduce
new renormalizable terms with one coupling constant in-
volving the techni-fermions, techni-scalars and the SM
fermion. These terms will dynamically generate similar
Higgs-Yukawa terms like in Eq. (13). By introducing a
weak Z2-breaking term that mixes the fundamental fields
St and Sb will potentially generate effective operators
similar to them generated by the four-vector operator in
Eq. (15).
The concrete SU(6)/Sp(6) model can be extended to
describe the masses of the other SM fermions by adding
a SU(2)L techni-fermion doublet for each SM fermion.
Such a CH model will contain a SU(2)L techni-fermion
doublet Ψi for each SM fermion with i = b, c, s, ..., one
SU(2)L doublet Ψt for the top quark and two SU(2)L
techni-fermion singlets. For each Ψi, there will exist a
Z(i)2 symmetry of the condensate. Assuming these Z
(i)
2
symmetries are softly broken by four-fermion operators
with one small coupling gZ , we create a mass hierarchy
between the SM fermion masses controlled by the hierar-
chy of the vector-like masses of the techni-fermion dou-
blets.
In conclusion, we have presented a novel mechanism
for generation of the top-bottom mass hierarchy with one
natural Higgs-Yukawa coupling, g ' 2. This top-bottom
mass hierarchy is provided by breaking a Z2 symmetry
of the condensate of new confining techni-fermions and
in principle controlled by the vector-like masses of these
techni-fermions. This mechanism can also be present in a
wide variety of other models based on vacuum misalign-
ment.
We have considered an SU(6)/Sp(6) CH template
model where we showed this model can naturally ex-
plain the top-bottom mass hierarchy without fine-tuning
of Yukawa coupling constants. Finally, we have briefly
discussed the possibility of an underlying theory gener-
ating the four-fermion operators in this template model,
and furthermore the possibility to extend it to describe
the hierarchy of the other SM fermion masses.
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